Long-term measurements (from
Introduction
THE important role of aerosols in various atmospheric processes that affect the Earth's radiation balance is well recognized. The recent Intergovernmental Panel for Climate Change (IPCC) report 1 has pointed out that the total radiative forcing due to aerosols (both direct and cloud adjustments due to aerosols) is -0.9 (-1.9 to -0.1 W m -2 ). While most of the aerosols result in a negative forcing (cooling), the absorbing black carbon (BC) aerosols contribute to warming effect 2, 3 . One of the difficulties in the quantification of aerosol radiative forcing arises due to the high spatio-temporal variability of aerosol properties. With lifetimes of the order of days to weeks, aerosols may be transported over long distances and reach distant locations, especially in dry conditions and in the absence of precipitation which results in slower scavenging from the atmosphere. This warrants for region-specific aerosol observations which aim at the characterization of regional hotspots, background levels and transport pathways both vertically and horizontally. One of the better ways to understand the regional background features and to delineate the influence of regional sources and long-range transport is through long-term measurements from high-altitude remote locations devoid of significant local anthropogenic sources. Observations from high-altitude locations have global relevance in understanding the free-tropospheric background conditions. Such observations over South Asia in general and the Indian region in particular are highly relevant due to the increasing anthropogenic emissions, their strong impact on the hydrological cycle 4 , Indian/Asian summer monsoon 5, 6 , and as a potential health hazard to the large population (~1.3 billion) residing in this region. The Himalayan mountain range forms a natural orographic barrier to the northward transport of pollutants resulting in the build-up of aerosols over the Indo-Gangetic Plains (IGP). The regional as well long-range transport of aerosols to the remote Himalayan locations may have substantial effect on regional climate change 5, 7, 8 . The tropospheric warming caused by the absorbing aerosols over the Himalaya is important due to its role in influencing the middle-upper tropospheric temperature gradient between the Himalaya-Tibetan Plateau and the oceanic region to the south, which controls the onset of the Asian monsoon 9, 10 . Lau et al. 5 demonstrated the role of dust (mixed with BC) aerosols on the enhanced heating at elevated levels over northern India, the foothills of the Himalaya and Tibetan Plateau, leading to the strengthening of the meridional tropospheric temperature gradient and consequent influence on monsoon rainfall. Bollasina et al. 9 showed a link between high loads of absorbing aerosols and deficient spring-time precipitation through regression of rainfall on aerosol index (AI), and attributed it to dissipation of clouds through the aerosol semi-direct effect. Thus long-term measurements from such highaltitude remote locations not only help in addressing the pertinent issues described above, but are also useful to delineate the ever-growing human impact in this region on the background conditions and to suggest potential mitigation strategies. In spite of BC over the Himalaya being a topic of major scientific interest, there is limited availability of long-term data, especially over the western and southern slopes of the Himalaya. A number of field experiments have been devised for aerosol measurements in the Himalayan region 5, [11] [12] [13] [14] [15] [16] [17] . The observational evidence of the persistent elevated aerosol layers over the Indian region and the northward gradient in atmospheric warming due to such layers, which was unravelled during the multi-platform field experiment 'Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB)' 18, 19 , led to the formation of Regional Aerosol Warming EXperiment (RAWEX) under the Indian Space Research Organisation Geosphere Biosphere Program (ISRO-GBP) 20 . One of the important objectives of RAWEX is the quantification of amplitude, frequency of occurrence, seasonal trends of elevated aerosols and atmospheric warming caused by them over the Indian region, and also to delineate the share of long-range transport and local contributions to this phenomenon. The Ganges Valley Aerosol Experiment (GVAX) was a multi-institution, multiinstrument campaign aimed at the detailed understanding of the physical, optical and radiative properties of atmospheric aerosols over the Gangetic-Himalayan (GH) region 21, 22 , by carrying out intense observations over Manora Peak (29.4N, 79 .5E, 1958 m amsl), Nainital (located in the Central Himalaya) using the ARM Mobile Facility (AMF) for a 10-month period during June 2011-March 2012. One of the stated objectives of GVAX is to understand the effect of aerosol heating due to increase in the mid-tropospheric aerosols over the GH region on Indian summer monsoon 22 . In view of the overlapping scientific interest, joint RAWEX-GVAX experiments were initiated under ISRO-GBP.
As part of RAWEX, a high-altitude aerosol observatory has been established over western Himalaya, at Hanle (32.5N, 78.5E and 4520 m amsl) in August 2009. This observatory is also a part of the network of observatories under Aerosol Radiative Forcing over India (ARFI) project of ISRO-GBP, which is now known as ARFINET 23, 24 . Some of the findings from this observatory have been published earlier [25] [26] [27] [28] [29] [30] [31] . These include the role of photochemistry in the new particle formation events at the freetropospheric altitudes 25 , temporal evolution and annual cycle in BC concentration over the Himalaya 26 , dust transport and associated changes in physical and optical properties of aerosols [27] [28] [29] [30] [31] and spring-time enhancement in aerosol optical depth (AOD) and BC over Hanle 30 . While these earlier works are focused on characterization of aerosol optical and physical properties over Hanle, this article presents the quantitative estimation of spring-time enhancement in aerosol loading, its vertical structure and possible reasons for the inter-annual variability in springtime enhancement based on long-term observations of aerosol properties over Hanle during August 2009-December 2014. This is the only aerosol observatory in this region that provides continuous measurements of various aerosol parameters from such an altitude level. Uniqueness of the database from this free-tropospheric location has been exploited to understand the influence of long-range transport and regional sources in determining the observed variability in aerosol loading over the region.
Measurements

Location and local meteorology
The experimental location, Hanle is situated in the western trans-Himalaya in Ladakh region, Jammu and Kashmir, India, and to the southwest of the Tibetan plateau ( Figure  1 ). This is a remote, near-free-tropospheric location, far from any major industrial activities and devoid of any local anthropogenic sources. Meteorologically, this location is akin to a high-altitude 'cold desert' environment with dry conditions (annual precipitation <10 cm), sparse seasonal vegetation (very little shrubs) and clear skies which prompted the establishment of the 2 m Himalayan Chandra Telescope (HCT) for astronomical observations by the Indian Institute of Astrophysics, Bengaluru. The aerosol measurement site is near this telescope facility and located atop Mt. Saraswati ~300 m above the surrounding valley region which consists of a base camp and Hanle village. There are several mountain peaks of the Zanskar and Ladakh ranges around the observatory (some of which are even taller than Mt. Saraswati), among which some are snow-covered throughout the year while others experience seasonal precipitation, especially during winter (December-February) and summer (JulyAugust). More details of this near-free-tropospheric background location are available in the literature [25] [26] [27] [28] [29] [30] [31] . Figure 2 shows the prevailing surface meteorological conditions obtained using data from a collocated automatic weather station. The top panel of Figure 2 a-d shows monthly means temperature (C), pressure (hPa), relative humidity (RH; %) and wind speed (m s -1 ) considering data for the five-year period and vertical bars represent the corresponding standard deviations. The air temperature exhibits a strong seasonality, with higher (~10-15C) temperatures during July-August and lower ones during December-January (15C to -10C). The monthly mean RH values ranging between 25% and 50% indicate the dry nature of the location throughout the year. The monthly mean wind speed varies between 3 and 7 m s -1 with large standard deviation in all the months, and daily mean values occasionally reaching as high as 20 m s -1 , suggesting windy conditions. The whole year is divided into four season, namely winter (December to February), spring (March to June), summer (July to September) and autumn (October and November). The bottom panel of Figure 2 shows the polar diagram of hourly mean wind speeds and directions in different seasons. As evident from the figure, the station predominantly experiences winds coming from southwesterly to southerly directions, which are sparsely inhabited parts, and infrequent and weak winds arrive from the east or west direction.
Data
The long-term observations of aerosol BC and spectral AOD carried out during the period August 2009-December 2014 (65 months), one of the strongest databases from the high-altitude western Himalayan region, have been used in the present study. Continuous measurements of BC mass concentration (M BC ) have been carried using a two-channel (370 and 880 nm) aethalometer (make: Magee Scientific) 26, 30 . The Aethalometer works on the principle of optical attenuation, in which continuous filtration of the particles through a quartz filter tape that is illuminated by light sources is utilized, and light attenuation between consecutive measurements is used for the estimation of M BC deposited on the filter tape during this sampling period. We have considered attenuation at the wavelength of 880 nm for the estimation of M BC . Since the ambient pressure level at Hanle (~590 hPa) is lower than mean sea level, an additional external pump is used to maintain constant mass flow rate of 6 lpm (litres per minute). Sampling has been carried out with a time base of 5 min by the continuous aspiration of ambient air through an inlet tube from a height of ~5 m above the ground. In order to avoid possible obstruction to the measurements that can arise due to condensation of water in the sampling lines during the conditions with extremely low temperatures (especially in winters, when temperatures go down to as low as -20C) and periods of high RH (due to precipitation), a heated inlet, maintained at a temperature of ~60C, has been used. Since the mass flow rate of 6 lpm mentioned above for the instrument is under standard temperature (T ~ 293 K) and pressure (P 0 ~1013 hPa) conditions, the measured M BC values were corrected for lower ambient pressures using the following relation
where BC * M is the instrument-measured raw mass concentration at ambient conditions, P 0 and P are the standard and ambient pressures, and T 0 and T are the corresponding temperatures. More details about the instrument, its uncertainties, and corrections applied to the data are described in detail by Babu et al. 26 . The spectral AOD at 10 wavelength bands centred at 380, 400, 450, 500, 600, 650, 750, 850, 935 and 1025 nm have been measured in all clear and partly clear sky days using the ground-based multi wavelength solar radiometer (MWR) instrument. This instrument, which utilizes the principle of filter-wheel radiometry to obtain spectral AOD following the Langley plot technique, is widely used across the ARFINET observatories. Recently, Babu et al. have discussed long-term regional AOD trends over the Indian region using the database from the network of observatories equipped with MWR instruments. More details about this system, its data deduction methodology, error budgeting, and comparison of its performance with other instruments are extensively available in the literature 23, 24, 32 .
Results and discussion
Black carbon mass concentration Figure 3 shows the temporal variation of monthly mean M BC values with the vertical lines indicating the standard deviation. Overall, the monthly mean M BC values vary between ~25 and 175 ng m -3 , with the highest values seen during April-June (spring) and the lowest during AugustSeptember (summer). Clearly, the M BC values depict a systematic annual pattern that repeats each year with certain degree of inter-annual variability (this aspect is discussed in subsequent sections). As such, there is no discernable increasing or decreasing long-term trend in M BC over the measurement period. Figure 4 a shows the long-term annual variation pattern considering the entire data. As is evident from the figure, there is a clear build-up of aerosol BC from winter (December-February) to spring (April-June). Subsequently, the M BC values drop to their lowest during summer (July-September) and a prominent second peak in M BC is seen in October (in all the years), which disappears by November. The frequency of distribution of M BC is skewed (Figure 4 b) 34 , despite Hanle being less elevated than NCO-P. This is due to the proximity of NCO-P to Kathmandu valley (~200 km away) and transport of pollutants to the station from Khumbu valley (which represents a natural chimney through which pollutants can be vented to NCO-P and the higher Himalaya) through thermal winds (mountain-valley breeze circulation) 34 . Notwithstanding the large differences in magnitude, the seasonal trends in the observed M BC at Hanle are quite similar to that in NCO-P. Table 1 provides a detailed comparison of M BC at Hanle with other highaltitude Himalayan locations [33] [34] [35] [36] [37] [38] [39] [40] [41] . Other stations are at a much lower elevation and less pristine compared to Hanle in view of the observed higher BC mass loading over these locations. Significant variability in M BC among various Himalayan stations (as seen in Figure 5 ) suggests that different parts of the Himalaya are influenced by distinct sources with varying strengths and transport pathways. The impact of transport at each site also depends on the time the airmasses spend over polluted upwind regions before they arrive at the receptor site (the aspects of long-range transport and strength of the potential source regions have been examined in detail in a later section). Another interesting aspect from Table 1 is that over some high-altitude stations, e.g. Darjeeling (27.04N, 88.26E; 2200 m amsl) M BC is higher than at stations at lower elevation. This is due to their proximity to urban centres and tourist destinations, which result in significant local emissions. Also, the nature of upwind regions which contribute to aerosol transport is another determining factor. Recently, Sarkar et al. 38 examined M BC over Darjeeling station, located in the eastern Himalaya in India, and pointed out the distinctiveness of the impact of aerosol transport over different parts of the Himalaya. Although aerosol transport through west/northwest airmasses is more frequent in dry periods over the Himalaya, its impact is much higher over the eastern Himalaya compared to the western and the central Himalayan stations. While the western/northwestern air-masses arriving at the central and western Himalaya pass through only parts of the IGP (western IGP), the eastern Himalaya encounters the air-masses which pass through major portions of polluted IGP, thus carrying more anthropogenic pollutants. This highlights that each of the Himalayan regions is characteristically distinct from other regions, suggesting that region-wise concerted efforts are necessary to understand the prevailing aerosol systems.
The annual variation of BC is associated with source, sink strengths and regional as well as long-range transport pathways (in both vertical and horizontal directions). In remote locations such as Hanle, with apparently no local sources, the effectiveness of transport associated with synoptic circulation in bringing the pollutants from regional/long-distance sources (whose strength varies seasonally) determines the overall loading; while the mesoscale dynamics and prevailing meteorological conditions modulate these concentrations. During winter, lowlevel confinement of aerosols due to capping inversion associated with low temperatures, dry conditions and calm ambient winds prevailing over the adjoining plains (the northwestern IGP which is upwind to Hanle) and valleys result in lesser ventilation of the pollutants. These conditions, combined with prevailing synoptic low-level anti-cyclone over the entire Indian region, result in a reduced amount of transport of BC aerosols to the Himalayan region from the vastly populated IGP and the subHimalaya. With the advent of spring, increased insolation results in increased temperature and enhanced thermal convection which aid the effective transport of pollutants (both vertically and horizontally). In addition to such favourable circulation, longer lifetime of BC in free troposphere also contributes to the spring enhancement in M BC . During summer, even though prevailing winds remain similar to those during spring (Figure 2) , enhanced wet removal due to precipitation (below-cloud scavenging) as well as in-cloud scavenging due to prevailing large cloud cover result in decrease in M BC values during this season. These conditions disappear by autumn and M BC slightly increases compared to its summer value. Earlier Dumka et al. 15 have reported spring-time high M BC values over the central Himalayan site, Nainital (where subsequently the GVAX campaign has been conducted), which was attributed to lifting up of pollutants from the valley region by the convective boundary layer and increased local emissions. Apart from the difference in magnitudes, explicit difference in the annual pattern of M BC over Nainital and Hanle is seen in June and November. A drastic drop in M BC from preceding months was reported in June over Nainital (Figure 4 ; Dumka et al. 15 ) owing to washout due to extensive rainfall, whereas over Hanle M BC values remained considerably high in June and dropped only in July, with the advent of summer. While the post-monsoon build-up of high M BC values over Nainital started in October and persisted in November as well (and continued till May), in the case of Hanle only October peak in M BC was noticeable, which disappeared by November.
Spring-time enhancement in black carbon
In the present study, spring-time enhancement in aerosol BC loading has been noticed consistently in all the years. The spring-time enhancement over high-altitude free-tropospheric locations is a well-established feature noticed over several sites spread across the globe 42 . Andrews et al. 42 presented the climatology of aerosol optical properties based on long-term, in situ measurements over several high-altitude locations spread across the 20-50N lat. band in the northern hemisphere. They observed that the amount of light absorption and scattering at such high-altitude sites either peaks in spring or it has a broad spring to summer enhancement. The reasons are attributed to the pollution outflow from upwind regions aided by stronger upslope transport and enhanced atmospheric boundary layer (ABL) heights flushing out the aerosols to higher altitudes through convective transport. Over the Himalaya also, strong westerlies associated with the Asian monsoon prevail during pre-monsoon. The airmasses having long continental overpass, pick up dust and carbonaceous aerosols from western and northwestern India and transport them to the IGP and the Himalaya. Several studies carried out from the other Himalayan locations suggest that biomass (agricultural) burning over the IGP and forest fires over the Himalayan foothills are one of the major sources of carbonaceous aerosols during premonsoon 17, 43, 44 . Such build-up of absorbing aerosols during pre-monsoon over IGP and the Himalayan slopes, and anomalous mid and upper tropospheric warming induced by these aerosols are postulated to cause anomalies in the Asian summer monsoon due to an atmospheric radiativedynamical process proposed as elevated heat pump (EHP) effect 5, 10 . Bollasina et al. 9 showed a link between high loads of absorbing aerosols and deficient spring-time precipitation through regression of rainfall on aerosol index (AI), and attributed it dissipation of clouds through the aerosol semi-direct effect. Also such absorbing aerosol loading contributes to enhanced melting of the Himalayan glaciers due to snow darkening and greater forcing on snow 45 . We have examined the inter-annual variability in spring-time M BC enhancement (Figure 6 a) , by taking the difference between seasonal mean M BC from winter to spring (magnitude and percentage difference) for each of the years. An enhancement varying between 39% and 94% (~23-62 ng m -3 ) has been noticed in M BC from winter to spring; and the highest enhancement is noticed in 2012, with the spring M BC (128  101 ng m -3 ) becoming almost double its winter value. It is worth mentioning here that the inter-annual variations in seasonal mean M BC for winter (or other seasons) are not as conspicuous as those seen during spring.
The potential reasons for such enhancement and its inter-annual variability could be the variations associated with changes in the source strengths and transport efficiency determined by the convection strength in individual years. For example, when the whole measurement period 
Role of transport from source regions
Further, the seasonal variation in regional sources (mainly from northwest India) contributes to the observed annual pattern of M BC , especially to the distinct peak observed in October, a feature that has been persistent in all the years. To understand this in detail and to illustrate the seasonal features of regional sources associated with biomass burning the spatial distribution of fire counts derived from MODIS was examined. Figure 7 shows a typical spatial distribution of fire counts over India during 2012. It is clear that large areas to the west/southwest of Hanle (the northwest regions of India and the Himalayan foothills) witnessed intense burning activities during spring months as well as in October. BC produced from these intense plumes are lifted up through convection and advected to the western Himalaya by the prevailing synoptic winds. The apparent lack of such regional sources during summer is also evident from the figure. During October, the occurrence of higher fire-count over northwest India (Punjab, Haryana) associated with intense burning activities led to the observed peak in M BC . Interestingly, the October peak in aerosol absorption was noticeable at the NCO-P station as well (figure 4 a in Andrews et al. 42 and figure 1 b in Marcq et al. 46 ). The peak in M BC observed during October is unique to the high-altitude locations, Hanle and NCO-P. By November, the winter conditions (sub-zero temperatures and appearance of snow caps on the mountain peaks) set in, with shallow local atmospheric boundary layer (ABL) keeping the pollutants close to the surface; and the highaltitude peaks being above this local ABL, will be free from the regional sources of BC. However, stations located at the foothills (e.g. Nainital) will continued to be exposed to the regional sources and hence the M BC levels continue to be high till the spring months. Earlier studies also have shown the influence of transported plumes originating from crop residue burning in the northwest India over the Himalayan sites 17, 43, 44, 47 . Kaskaoutis et al. 44 attributed the high aerosol loading observed over the eastern Himalaya during post-monsoon to the possible transport of plumes originated from crop residue and biomass burning activities over the western IGP (mainly Punjab). By November, the winter conditions (sub-zero temperatures and appearance of snow caps on the mountain peaks) set in, with shallow local ABL keeping the pollutants close to the surface and with the mountain peaks being above this local ABL, BC level decreases in November. It is worth mentioning here that the quantitative delineation of contribution from regional sources to the overall loading is difficult, but few attempts have been made by researchers in this direction. Kopacz et al. 48 used WRFChem simulations to identify the potential contributors of BC to different glaciers over the Himalaya and Tibetan plateau. Using an extensive back-trajectory analysis, Lu et al. 49 suggested that South Asia and East Asia contributed 67% and 17% respectively, to the BC over the Himalaya and Tibetan Plateau during 1996-2010. They also pointed out that West Asia and Europe are dominant contributors to BC loading over the northern Himalaya. Recently, Ji et al. 50 have simulated BC and organic carbon (OC) over the Himalayan regions using a regional climate model (RegCM4.3) coupled with a chemistry-aerosol module, and assessed the distribution, deposition and transport pathways, which highlighted contribution of the westerly winds to the transport of these species.
To examine long-range transport pathways and identify the seasonal changes in potential source regions which affect the aerosol concentrations over Hanle, concentrated weighted trajectory (CWT) analysis 26, 30 was performed for surface BC mass concentrations (Figure 8 ).
In the CWT method, observed concentration at the receptor site is assigned to the respective back trajectory, and by considering the residence time of the trajectory in each cell the weighted trajectory is distributed to an array of grid cells. It is important to note that the back trajectory suggests only a possible pathway of advection of air mass to a given region and while making scientific interpretation using back trajectories, the uncertainties involved in its calculation must be considered. In complex undulating terrain like the Himalaya, the statistical uncertainties in the back trajectory calculations can be reduced by analysing a large set of trajectories 49 . In the present study, the trajectories computed for individual days during the entire five-year period have been used to arrive at the mean picture for the different seasons, so that the errors are minimized while interpreting the CWT maps. Nevertheless, back trajectories are useful suggestive tools to identify primary transport pathways of aerosols to locations far away from the source regions. It is clear from Figure 8 , that the potential source regions affecting the concentrations over Hanle are located towards its west and southwest (West Asia, the Middle East desert regions and the North African regions), whereas advection of aerosols from the IGP has remained minimal. From Figure 8 b, it is evident that the spring-time enhancement is due to long-range transport from these source regions. Even though Hanle is influenced by advection from the west for most part of the year, magnitude of the transport component varies from season to season. The contribution of long-range transport to M BC over Hanle is highest during spring (Figure 8 b) and lowest during winter (Figure 8 a) . It may be seen from Figure 8 d that there is notable contribution from regional sources located towards west of Hanle during autumn (which is seen in the MODIS fire counts examined in earlier section), which explains the second peak in M BC seen in October.
Aerosol optical depth
Since the surface M BC shows distinct annual pattern with a high in spring, to delineate whether the spring-time enhancement is confined only to the surface, seasonal changes in columnar spectral AOD were examined. The spectral AOD showed a distinct annual pattern which is repeated in all the years. Figure 9 shows the Annual variation of the long-term mean AOD at four representative wavelengths (380, 500, 750 and 1025 nm) spanning over the spectral range covered by MWR over Hanle. In general, the mean spectral AOD values vary in the range 0.01-0.30 at different wavelengths and are quite low, but there is a clear enhancement in AOD during spring (March-May) compared to other seasons; the lowest AOD values are found in winter. This feature of springtime enhancement in AOD is consistent with the observed enhancement in near-surface BC loading. The monthly mean AOD at 500 nm varies from ~0.01 in December to ~0.13 in April, with a long-term annual mean of ~0.06  0.04, which suggests the pristine nature of this location. Gobbi et al. 51 have reported seasonal mean AOD values varying between 0.04 and 0.08 over the high-altitude location NCO-P (5079 m amsl), while Cong et al. 52 have reported an annual mean AOD of ~0.05 at 500 nm over Nam Co (4720 m amsl) in the central Tibetan Plateau. Although the spring-time enhancement is observed in the surface as well as columnar aerosol properties, the magnitude of surface M BC at Hanle is significantly low compared to NCO-P, while the columnar AOD is higher than that is seen at NCO-P 46 , which indicates the possible elevated aerosol layers over Hanle during spring.
Further, the examination of frequency of occurrence of AOD at 500 nm (not shown here) suggests that almost 90% of the values lie below 0.1. However, the higher AOD values noticed predominantly during spring, suggest seasonal changes associated with distinct aerosol sources. We have examined this further, using the spectral Angstrom exponent (), which revealed clear seasonal transition in aerosol types with higher  (~1.2) in autumn indicating fine particle contribution, and lower  in spring (~0.34) suggesting the dominance of coarsemode particles, which indicate the role of transported dust. Ningombam et al. 28 analysed CALIOP (the CloudAerosol Lidar with Orthogonal Polarization)-derived aerosol vertical profiles along with back trajectories superimposed with the MODIS fire count data and suggested that the episodes having high AOD and low  (mostly during spring season) were associated with the presence of desert dust at altitudes of 5-7 km amsl. The airmass trajectories during such periods mostly arrived from longer distances with relatively higher altitudes and passed over different desert regions. In case of high AOD and high  (>0.8) episodes, the airmasses reaching the station were highly localized (passed through densely populated and industrialized Punjab, Haryana, and the western regions to northwest India) and arrived from relatively lower altitudes, which were likely to transport anthropogenic aerosols. Gogoi et al. 30 have pointed out that although the near-surface accumulation-mode aerosols remained nearly steady throughout the year, the columnar abundance of fine-mode aerosols (indicated by ) varied with season, which could be attributed to the possible presence of elevated aerosol layers at Hanle. Interestingly, there were no distinct peaks in AOD in any other season, similar to the second peak in M BC seen in October. Table 2 provides the seasonal mean values of  along with M BC and AOD at 500 nm.
Vertical distribution of aerosols
As highlighted in the preceding sections, spring-time enhancement is seen both in the near-surface M BC as well as columnar AOD values over Hanle. A comparison among various Himalayan sites suggests that one of the potential causes for the observed spring-time enhancement is longrange transport with seasonal and altitudinal variations (distinct airmasses arriving at different ranges of the Himalayas) in pathways and strength. Also, comparison of observed values at Hanle (~4520 m amsl) and NCO-P (5079 m amsl) suggest that higher values of M BC are seen at NCO-P as well, whereas higher columnar AOD is found at Hanle during spring (importantly, the synoptic scale dynamics as well as the transport mechanisms responsible for the seasonal modulation in aerosol over both the locations are similar). This indicates the possible elevated aerosol abundance at higher altitudes during spring over Hanle. To quantify the vertical extent of the spring-time enhancement over Hanle, vertical profiles of extinction coefficient at 532 nm from CALIOP aboard the A-train satellite CALIPSO (the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) level-2, version-3 data (CAL_LID_L2_05kmAPro-Prov-V3), were examined within 1  1 geographic grid centred at Hanle for the period between August 2009 and December 2013. The seasonally averaged extinction coefficient profiles from CALIOP were normalized with the seasonal mean AOD values obtained using MWR instrument. Cloudy profiles were screened based on the cloud aerosol discrimination (CAD) values. Figure 10 shows vertical profiles of seasonal mean extinction coefficients, that clearly highlight the presence of elevated aerosol layers (5-7 km amsl) during spring, which possibly results in the elevated AOD values. Such elevated layers are the resultant of either long-range transport and/or enhanced regional convective vertical transport of aerosols followed by their advection. The discussion in the previous section using CWT maps showed that, the potential source regions during spring are located in West Asia and the Middle East desert regions. So the elevated aerosol layers could have emanated due to long-range dust transport. Earlier investigations by Marinoni et al. 14, 34 have suggested that during 'acute pollution events' with enhanced aerosol levels over the Indian subcontinent and the IGP region, especially during spring season, the Himalaya can be strongly influenced by the vertical upward transport of anthropogenic pollutants and mineral dust. Brun et al. 53 , using satellite data analysis, suggested that the aerosol intrusion in Himalayan valleys due to the strong northwesterly winds above the Himalayan ridges could result in the advection of dust, mixed with finemode aerosol particles, and subsequently the formation of elevated aerosol layers during pre-monsoon season.
Information on enhancement in aerosol concentrations and high aerosol loading events over the Himalayan region during spring is useful to understand the aspects of EHP hypothesis, e.g. as demonstrated by Wonsick et al. 54 , who used convection as a proxy to rainfall and reported enhanced convection and rainfall in the Himalayan foothills during high-aerosol years (with larger AOD values). Ji et al. 50 have reported that, although seasonal variations in the dry deposition are not significant, the wet deposition rate of carbonaceous aerosols is greater during the non-monsoon seasons than the monsoon season in the northwest Himalayan regions. The efficient long range transport resulting in higher amounts of absorbing aerosols such as BC and dust during spring, and its subsequent deposition on snow and ice-cover, coupled with increased amounts of solar insolation during this season may have strong climate consequences, resulting in atmospheric warming, changes in surface albedo and enhancing the retreat of glaciers 8, 55 . Nair et al. 8 showed that the diurnally averaged forcing due to snow darkening over Hanle is in the range 0.87-10.2 W m -2 and 2.6-28.1 W m -2 for fresh snow and aged snow respectively, which is significantly higher than the clear sky direct radiative forcing at the top of the atmosphere (1.69 W m -2 over snow surface and -1.54 W m -2 over sandy surface). While these forcings could lead to significant warming over the Himalaya during spring, their inter-annual variability adds to the complexity of the problem. Further studies are needed to understand the snow-albedo feedback mechanisms. The present study, highlighting the spring-time enhancement in aerosol loading over the western Himalaya, is consistent with previously reported observations regarding pre-monsoon enhancement in aerosol loading over the Himalaya and the IGP region, also suggesting that such enhancement which has significant regional climatic implications, is a large-scale phenomenon.
Summary and conclusions
In the present work, long-term (65 months) data of aerosol M BC and spectral AOD carried from Hanle, a highaltitude ARFINET observatory in the western Himalayas, as part of RAWEX, have been examined for temporal variations and potential source pathways. Extremely low annual mean values of M BC (66  51 ng m -3 ) and AOD at 500 nm (0.061  0.042) highlight the pristine nature of Hanle. Both M BC and spectral AOD show distinct annual variation with spring-time enhancement. Significant interannual variability is found in the spring-time enhancement of M BC , due to varying strength of regional sources and transport. Concentrated weighted trajectory analysis for identifying contribution from long-range transport suggests maximum source strength during spring and potential source regions are located to west/southwest of the sampling location (western IGP, West Asia, the Middle East desert regions and the North African regions). Seasonal changes in the spectral dependence of AOD with Angstrom exponent () varying from 0.52 to 1.2, suggest varying source characteristics and dominance of coarse-mode particles during spring. The vertical extend of elevated aerosol layers are found to be in the range 5-7 km amsl during spring from the analysis of vertical profiles of extinction coefficients from CALIPSO data.
